The latency operating characteristic (LOG), denned as the trade-off relation between reaction time (RT) and discrimination accuracy, is proposed as a measure of the perceptual process that is invariant over changes in decision strategies in RT tasks. The LOC was computed from confusion matrices constructed from sets of trials on which the RT fell within a given range. The convergent validity of the LOC was supported by findings of a strong and consistent relation between speed and accuracy that was invariant under changes in stimulus and response probability. Several models of the underlying perceptual processes are discussed which lead to a good description of LOC by a set of straight lines.
When reaction time (RT) is used to measure human information processing, .5"s decision processes are usually assumed to remain constant from one trial or condition to another. Variation in RT is assumed to reflect only the contributions of sensory, perceptual, or cognitive processes, free from variation in S's decision strategies in choosing when to make his response. But there is seldom any test of this assumption and seldom any tight control on 5's decision processes. Typically, 5 is asked to respond as rapidly as possible without making errors. If he makes no errors, however, there is no guarantee that the response has been made as rapidly as possible. The same comment holds for both simple and choice RT tasks, even though erroneous responses are not well defined in the simple RT procedure. Without evidence on the functioning of decision processes in RT tasks, the contributions of perceptual processes cannot be unequivocally distinguished from the contributions of decision processes in RT results.
One example of a problem requiring mutual determination of both perceptual and decisional processes is the question 1 This study was supported in part by funds from the Graduate Research Council at Vanderbilt University. The results were also presented at the Psychonomics Society meetings, San Antonio, November 1970. 2 Requests for reprints should be sent to Joseph S. Lappin, Department of Psychology, Vanderbilt University, Nashville, Tennessee 37203. about the effect of stimulus probability on the speed of perceptual processing. It is well known that RT is inversely related to the probability of a stimulus-response pair (Hyman, 1953) . The average RT for correct responses is not, however, a sufficient measure for distinguishing the contribution of perceptual processing from that of response bias and decision criterion when stimuli are mapped one to one onto the response alternatives and when the number of errors is very low. One method intended to distinguish perceptual from response processes has been to vary separately stimulus and response probabilities by means of many-to-one mappings of stimuli onto response. Both stimulus and response biases have been found to influence RT (e.g., Bernstein, Schurman, & Forester, 1967; Dillon, 1966; LaBerge, Legrande, & Hobbie, 1969) . But this method is also inadequate for isolating and measuring perceptual and decisional processes because S's decision criteria may vary among stimuli with the same response. Expressing the problem in different terms, when there are more stimuli than responses the number of degrees of freedom in the stimulus-response matrix is less than the number of parameters needed to measure the relations between all the pairs of stimuli and pairs of responses. Several experiments suggest that decisional processes do indeed influence the RTs to specific stimuli: Examples are Bartz's (1970) demonstration that stimulus probability effects may be induced on the first trial by instructions alone and Hinrichs' (1971) finding that stimulus probability effects disappear when 5 correctly predicts the stimulus. One may note that stimulus probability has no effect on certain measures of performance in signal detection tasks (Schulman & Greenberg, 1970) . This lack of convergence of the detection and RT tasks also raises the question as to whether the effects of stimulus probability on RT are truly perceptual.
A second example of the need for assessment of decision processes in RT tasks is provided by experiments to determine the relation between RT and stimulus intensity. Grice (1968) has concluded from a review of this research that decision processes are likely to exert a major influence on the RTs to stimuli of varying intensity. We will examine this problem further in a second paper in this series.
The purpose of this paper is to report an initial study of a potential method for distinguishing perceptual from decisional processes in RT tasks. The proposed method is to use the trade-off relation between RT and discrimination accuracy as the dependent measure of performance, rather than the distribution of RTs for error-free trials. The rationale for this technique is based on the proposition that a decision process determines the point in time at which perceptual processing is terminated and an overt response is selected. Thus, a given pair of RT and error-rate values reflects performance under a specific decision criterion; but the complete tradeoff function between RT and error rate is presumed to reflect performance under varying decision criteria applied to a constant perceptual process. The functional relation between two dependent performance measures is thereby used to obtain a decision-free measure of the perceptual process. The same approach is used in signal detection theory: The functional relation between hit rate and false-alarm rate, the receiver operating characteristic (ROC), is used as the decision-free measure of detection, rather than any specific value of hit rate or false-alarm rate.
By analogy with the signal detection literature, we adopt a similar designation for the functional relation between RT and discrimination accuracy, "latency operating characteristic" (LOC). 3 The LOC is of interest not only as a dependent measure for the effects of stimulus and task variables, but also as a potential measure for the process of temporal growth of perceptual information. At least four distinct models of this process have been suggested: (a) a two-state model (Yellott, 1971 ), (6) information transmission models (Swanson & Briggs, 1969) , (c) sequential sampling models (Edwards, 1965; Laming, 1968) , and (d) additive models (Pew, 1967; Shouten & Bekker, 1967) . These models are distinguishable by their specification of the function relating RT and discrimination accuracy. The empirical strategy of this study was to seek measures of discrimination accuracy that were linearly related to RT in a twochoice discrimination task. That is, we wished to find measures of accuracy, A, defined on the frequencies in a 2X2 stimulus-response confusion matrix, such that A = m(KT -k), where m is the slope of the LOC and k is the intercept on the RT axis. Each of the above models provides a measure of discrimination accuracy that is approximately linearly related to RT.
According to the two-state model, RTs are emitted in either of two perceptual states: a guessing state and a stimuluscontrolled state, with chance or nearly perfect accuracy, respectively. Observed 3 The designation LOC has been used previously by other authors, sometimes referring to a slightly different function. Thomas (1971) , for example, derives the LOC from the probability density functions of RTs under signal-plus-noise and noise-alone conditions. The present usage seeks to avoid dependence of the LOC on the probability distributions of RT and does not involve a signal detection task in the strict sense. Other authors (see text below) have used the label "speed-accuracy tradeoff" or "speed-accuracy operating characteristic" to refer to functions very similar to the present LOC. Ira Bernstein had previously used the LOC designation in conversations with the first author. distributions of correct and incorrect responses are thus presumed to consist of differential mixtures of guessing and stimulus-controlled responses. The general "fastguess" model developed by Yellott (1971) does not generate a specific LOG; consequently, we examine the LOG only for the special case in which the probability of an all-or-none transition from a guessing state to a stimulus-controlled state is constant for any unit interval in all RT > k. It is easy to show that the resulting measure of accuracy that should be linearly related to RT is given by A s -log[l -£(D)], where p(D) is the probability of the stimulus-controlled state, estimated by the familiar correction-for-guessing formula in which the false-alarm rate is subtracted from the hit rate.
According to information transmission models of RT, the human operator is considered as a communication channel whose processing time is linearly related to the contingent uncertainty between stimulus input and response output (e.g., Pachella, Fisher, & Karsh, 1968 ; Swanson & Briggs, 1969) . The appropriate measure of accuracy is then given by A sH t where s and r represent stimuli and responses, respectively. The principal difference between this model and the additive model is the assumption that RT is an increasing function of the amount of information in the stimulus set. We test this assumption by comparing LOCs for conditions in which the two stimuli are equiprobable or occur with probabilities .7 and .3.
In sequential sampling models, 5 is assumed to make repeated but independent observations of an unreliable perceptual signal. Under assumptions that observations are repeated at a constant rate proportional to RT and that each observation is an identically and normally distributed random variable, the appropriate measure of accuracy may be shown to be A = (d 1 ) 2 , where d' is the familiar detectability measure of signal detection theory (see Green & Swets, 1966; Taylor, Lindsay, & Forbes, 1967) . A distinction is often made between decision strategies in which S"s response criterion is defined on the likelihood ratio axis and strategies in which the criterion is fixed on the RT axis; the (d'Y measure is appropriate for the latter case. Taylor et al. have shown that this measure gives a very good linear fit to Shouten and Bekker's (1967) "forced RT" data, where RTs were constrained to occur within a narrow range.
The additive model for the present experiments postulates a weak perceptual signal that grows in strength at a constant rate; a response emitted in the nth observation interval may therefore be guided by a perceptual signal that is n times as strong as a signal in the first observation interval. The signal detection theory version of this general model assumes that in selecting his response at any point in time, 5 must decide whether the currently available perceptual signal is an instance of one or the other of two random variables; these variables are assumed to be randomly distributed with equal variance but differing in means by an amount d' ; we assume, further, that the signal strength increases at a constant amount in each successive time interval. As is clear from these assumptions, the appropriate measure of accuracy for this model is A = d', where d' is estimated from the 2X2 confusion matrix by assuming the hit rate and falsealarm rate to represent areas within the response criterion of two normally distributed random variables with equal variance. Another additive model yielding a similar measure of accuracy is provided by Luce's choice theory. According to this model, the conditional probability of a given stimulus is equal to the strength of the tendency for that response relative to the sum of all other response tendencies for that stimulus. As shown by Luce (1963) , the appropriate measure of accuracy for an additive scale of two-choice discrimination accuracy is given by
where Si and 82 represent the two alternative stimuli and ri and r^ the two alternative responses. This measure turns out to be very similar to the d' measure for assumed underlying normal distributions of equal variance, in terms of both a very high linear correlation between the two scale values and also very similar ROC functions for varying response biases (see Luce, 1963) . The measure is presented here in part because of its ease of computation relative to d' and in part because of the contrast in underlying rationale. These additive models have not previously been explicitly proposed as models for the perceptual process underlying RT performance. They are, however, simple and a priori reasonable models. Both Pew (1969) and Shouten and Bekker (1967) have suggested similar ideas and have provided supporting data. Although the above models provide qualitatively different descriptions of the perceptual process, they provide quantitatively similar scales of discrimination accuracy. As will be seen below, each of the theoretical LOCs is highly correlated with RT. Additionally, all of the models share two strong postulates: (a) homogeneity in time and (b) stochastic independence of the increments in discrimination.
A primary goal of this experiment was to obtain a detailed examination of the relation between RT and discrimination accuracy. If the LOG is to be used as a valid measure of 5's information processing, then there must be a strong and consistent relation between speed and accuracy. As one test of this consistency, we also consider whether the LOG remains invariant under changes in stimulus probability. Variation in stimulus probability should be expected to produce changes in decision strategies and response biases (and possibly in the perceptual process). Invariance of the LOG under variation in stimulus probability would thus provide some convergent validity for the LOG as a measure of the perceptual process. This result does in fact obtain.
METHOD
Stimuli and apparatus,-Two easily discriminable stimuli-to the right or left of a fixation pointwere mapped onto two highly compatible responses, right hand versus left hand. The stimuli were luminous circles, 1° in diameter and 40 min. off center to the right or left of the fixation point, which was centered in a 5J° square luminous background. The stimulus luminance was 1.5 ftl. added to a continuous background of 8.5 ftl. The stimuli were presented with an Iconix three-channel tachistoscope and associated Iconix timing, power, and logic equipment. A tape reader was used to program the stimulus position for each trial.
Procedure.-Well-practiced 5s were asked to respond at a speed that would result in an error rate of about 25%. They were instructed to avoid guessing, but to adjust their RTs from trial to trial in order to maintain the appropriate speed and error rate.
A trial was initiated when 5 depressed both of the telegraph response keys. The stimulus always appeared 1 sec. later and remained in view until 5 responded by lifting one of the response keys. If S responded prior to the stimulus onset, the same trial was initiated again. The E recorded the stimulus, response, and RT and informed 5 of the RT and correctness of his response. The E then advanced the tape reader and this served as a signal that S could initiate the next trial when he was ready. The trials were run at a rate of about 15/min. Two conditions were run in each session: 50-50, in which the two stimuli were equally likely, and 70-30, in which one stimulus appeared on 70% and the other on 30% of the trials. The order of the two conditions and whether the left or right stimulus was the more probable were counterbalanced across 5s and sessions. One hundred and fifty experimental trials were run under each condition in each session; these were preceded by 30 practice trials. The two stimulus positions were randomly scheduled with the constraint that the relative frequencies were equal to the appropriate values for each block of 50 trials. Each S served for 10 experimental sessions, preceded by at least 2 practice sessions.
Subjects.-The 5s were four male volunteers. Two of the 5s were the authors, one 5 assisted with this and other RT experiments for course credit, and another was paid for his participation.
Analysis.-The LOG was recovered by data analysis, rather than by experimental operations to constrain the decision criteria or RTs. The analytic procedure is to first rank order all RTs, correct and incorrect, and then partition these into a series of blocks of some constant number of trials, except as limited by ties. In the present report, we have used blocks of 150 trials, though this number was a somewhat arbitrary compromise between maxi-raizing the number of trials per block and optimizing the resolution of differences in RT. For each set of 150 responses, we then construct the 2 X 2 stimulusresponse confusion matrix and calculate the median RT as the measure of average speed for that set of responses. Finally, we compute a set of intercepting line segments to describe the relation between discrimination accuracy and RT. The first segment is the line A = 0, for 0 < RT < k. The second segment describes the region where the speed-accuracy trade-off obtains, i.e., A = m(RT -k), for k < RT < /. The third segment describes the region in which discrimination accuracy was approximately perfect, for RT > I. (This third segment can only be fit to the H t measures of discrimination, since perfect discrimination is not defined on the other scales.)
The interest in this analysis lies in measuring the perceptual process rather than the decision process. The method does not permit an analysis of the decision processes employed by S. We wish to avoid as many assumptions as possible about the decision process and, unlike previous determinations of the speed-accuracy trade-off, do not assume a stable response criterion on either the liklihood ratio or RT dimension. The experimental procedure we used, in fact, virtually guarantees that the decision criteria did not remain fixed.
RESULTS
The LOG was represented by a set of intercepting line segments which were fitted to the pairs of RT and accuracy measures by the least-squares procedure described by Bogartz (1968) . There were three such lines for the H t measure: A = 0, for RT < k; A = m(RTk), for k < RT < /; and A = 1.0 in the 50-50 condition or A = .88129 in the 70-30 condition, for RT > I. This set of lines thus has two free parameters, which may be represented by the slope, m, and the intercept, k, in the second line segment. The range of RT values to which each of the line segments was fitted were selected so as to minimize the sum of squared deviations from the lines under the restriction that the intercepts k and I did not lie within the range of RTs being fitted to the line segments at chance and perfect discrimination, respectively.
The same procedure was followed for the other four measures of accuracy with the exception that the third line segment, at perfect discrimination, was not included. Under the choice theory, signal detection, and sequential sampling models, no measure is defined when either the hit rate is 1.0 or the falsealarm rate is 0; under the two-state theory, no measure is defined when both the hit rate is 1.0 and the false-alarm rate is 0. Consequently, for the latter four measures only the first two line segments were fitted to the set of points in the range of RT where perfect discrimination did not occur, and the LOG regression lines were thus fitted to slightly differing numbers of points for the five accuracy measures.
The results of this analysis are given in Tables 1 and 2 and Pig. 1. Table 1 gives the slopes, m, and intercepts, k, of the lines A = m(R.T -k), describing the trade-off between speed and accuracy for each of the five accuracy measures under the two stimulus probability conditions for each 5. Table 2 gives the proportion of variance in discrimination accuracy that is accounted for by each set of regression lines. A graphic portrayal of the relation between KT and d' is given in Fig. 1 . As these results show, a strong and consistent correlation between speed and accuracy was obtained for each 5 and experimental condition.
One of the primary questions to which these results are relevant concerns the description of the functional relation between speed and accuracy. As shown in Table 2 , each of the five proposed measures of discrimination accuracy provides a good linear fit to the obtained data. Although the two measures from the additive model, d' and -Inij, account on the average for the greatest proportion of variance in discrimination accuracy, the superiority is clearly too slight and too inconsistent to warrant an acceptance of the associated model in favor of the other three alternatives. Although there are good indications of nonlinearity in the sequence of (d') 2 values in the combined data of 5s, J. L. and B. V., the same trends are not found in the data of the other two 5s. Despite the clear algebraic distinction between the d' and (d') 2 measures, more data will be required in order to decisively choose between the two models. More convincing evidence can be found that is contrary to the information transmission model, based on a tendency for less information to be transmitted in the 70-30 than in 50-50 condition at a given RT. This evidence is examined in more detail below.
A second major question about these data concerns the comparison of performance in the 50-50 and 70-30 conditions. According to the information transmission model, the LOG, as determined with the H t measure of discrimination, should be the same for the two conditions; correspondingly, -Inr;, d', and p(D) should be higher under the 70-30 than the 50-50 condition. Inspection of the data in Table 1 and Fig. 1 suggests, however, that the LOCs for the latter measures were invariant under the two experimental conditions, but poorer in the 70-30 condition by the H t measure. This was examined in more detail by comparing the various measures in each successive 10-msec, band of RT from 151 to 250 msec. There were 10 such comparisons for each of the four 5s, with some reductions due to ties. In 28 of the 40 comparisons, Ht was greater in the 50-50 than the 70-30 condition. This number is significantly greater than the expected value of 20 under the binomial distribution at p < .01. The comparable values for the measures -log??, d 1 ', and p(D), respectively, were 22/37, 21/36, and 24/39; the significance level is p > .10 for the first two values, and .10 > p > .05 for the third value. Thus, when the LOC is determined with the choice theory, signal detection, and two-state measures of discrimination, variation in stimulus probability seems to have had very little effect on the speed of discrimination, contrary to the information transmission model.
The invariance of the LOC under changes in stimulus probability does not imply that 5s behaved identically in the two conditions. Just as in previous studies of the effect of stimulus probability on RT, 5s did respond more rapidly and with fewer errors in the 70-30 condition, where the stimulus position could be more accurately predicted. This result is shown in Table 3 .
DISSUSSION
The principal concern of this experiment is the potential of the LOC as a measure for extracting an invariant perceptual process from RT data influenced by varying response strategies. The main test for this invariance is provided by the manipulation of stimulus 22.2 probability, and the outcome is encouraging. When one of the two stimuli was more probable, the response assigned to that stimulus was made more frequently and more rapidly, but the LOG was found to remain approximately unchanged under two levels of stimulus probability. The LOG thus appears to remove certain effects of response bias from the measure of performance in this task. The results of this experiment indicate that the overall mean RT and error rate may be insufficient measures for distinguishing perceptual from decisional factors in RT. The extent of the influence of decisional processes in RT tasks is as yet uncertain, however. Blake, Fox, and Lappin (1970) failed to find any indication of such effects in a more complex task requiring the classification of letter pairs. A basic question may nevertheless be raised about the nature of the processes determining the distribution of RTs in error-free conditions. Some of the studies relying on the mean RT and error rate in investigating the effect of stimulus probability in particular are suspect.
What is the effect of stimulus probability? Is there really no effect on the speed of perceptual processing, but only on the speed and biasing of overt responses? For the specific task used in this experiment, stimulus probability does appear to have no effect on the underlying perceptual discrimination. (Possible superior performance for the more probable of a pair of alternative stimuli cannot be distinguished by the present analysis from the effects of the marginal response probabilities.) We must emphasize, however, that an important aspect of this task is the high degree of compatibility between stimuli and responses. Fitts (1964) has previously reported that the magnitude of the stimulus probability effect may be quite small under conditions of high stimulus-response compatibility. Yellott (1971) has also recently found little or no effect of stimulus probability on the LOG as measured with his fast-guess model. We are confident though from other work in our laboratory that the LOG is sensitive to variations in stimulus probability under conditions of lower stimulus-response compatibility, e.g., in the Sternberg (1966) memory search paradigm. The implication seems to be that stimulus probability has its effect at higher, more abstract, levels of perceptual processing.
The results of this experiment impose important constraints upon viable models of the temporal process underlying the acquisition of perceptual information. The two salient features of the four models discussed above are (a) homogeneity and (6) stochastic independence. These two strong postulates appear to be consistent with the data, although subtle departures from the theories would be hard to detect. A simple and adequate, though not unique, description of the process is provided by the additive models described above: that the strength of the perceptual signal increases linearly with time and that S selects his response at any given time according to the relative strengths of the signals associated with the two stimulus alternatives at that time.
Considerably more evidence on the validity of the LOG will be required in order to determine when the extra experimental effort should be invested in estimation of LOG parameters for the analysis of human information processing.
